Study on Development and Application of In Vitro Biomimetic Rat Stomach Digestive Systems by 伍鹏
  
学校编码：10384                                分类号     密级       










博 士 学 位 论 文 




Study on Development and Application of In Vitro 




指导教师姓名： 陈 晓 东     教 授 
               吴 雪 娥  副 教 授 
专  业 名 称： 生    物   化   工 
论文提交日期： 2 0 1 6  年     月 
论文答辩时间： 2 0 1 6  年     月 
学位授予日期： 2 0 1 6  年     月 
  
答辩委员会主席：             
评    阅    人：                      
 
 





















另外，该学位论文为（                            ）课题（组）
的研究成果，获得（               ）课题（组）经费或实验室的



































（     ）1.经厦门大学保密委员会审查核定的保密学位论文，
于   年  月  日解密，解密后适用上述授权。 







                             声明人（签名）： 


















摘 要 ················································································ i 
Abstract ·········································································· iii 
第一章 前言 ······································································ 1 
1.1 引言 ··························································································· 1 
1.2 上消化道的生理基础 ······································································ 2 
1.2.1 上消化道的解剖组织结构 ··························································· 2 
1.2.2 上消化道的运动和生理功能 ······················································ 12 
1.3 食物在胃肠道内的消化和排空过程 ·················································· 20 
1.3.1 口腔消化 ·············································································· 20 
1.3.2 胃的消化及排空 ····································································· 21 
1.3.3 小肠消化 ·············································································· 28 
1.4 体外消化模型的研究进展 ······························································ 29 
1.4.1 人体肠道微生态模拟装置 ························································· 31 
1.4.2 TNO 胃肠道模型 ····································································· 32 
1.4.3 人胃模拟装置 ········································································ 35 
1.4.4 胃消化模拟装置 ····································································· 36 
1.4.5 动态体外鼠胃消化系统 ···························································· 38 
1.5 本课题的研究目的和主要内容 ························································ 41 
1.5.1 本课题的研究目的和意义 ························································· 41 
1.5.2 本课题的主要研究内容 ···························································· 42 
第二章 生米粒在体内和体外消化系统中消化行为的比较 ··········· 44 
2.1 引言 ························································································· 44 
2.2 材料与方法 ················································································ 44 
2.2.1 实验材料与对象 ····································································· 44 
2.2.2 大鼠体内实验 ········································································ 45 
2.2.3 生米粒在 DIVRS 中的消化 ························································ 46 
2.2.4 生米粒在 STR 中的消化 ··························································· 48 
2.3 结果与讨论 ················································································ 50 
2.3.1 大鼠唾液分泌速率和淀粉酶的酶活性 ·········································· 50 
2.3.2 搅拌速率对消化行为的影响 ······················································ 50 
















2.4 本章小结 ··················································································· 57 
第三章 生米粒颗粒的破碎过程和机理的研究 ·························· 59 
3.1 前言 ························································································· 59 
3.2 材料与方法 ················································································ 60 
3.2.1 试剂与设备 ············································································ 60 
3.2.2 制备米粒样品 ········································································ 60 
3.2.3 静态浸泡实验 ········································································ 60 
3.2.4 生米粒在 STR 中的消化 ··························································· 62 
3.2.5 米粒在静态浸泡期间显微结构的变化 ·········································· 63 
3.3 结果与讨论 ················································································ 63 
3.3.1 米粒样品在静态浸泡和 STR 消化期间分解动力学过程的比较 ··········· 63 
3.3.2 米粒颗粒在 STR 中的降解过程 ·················································· 66 
3.3.3 颗粒粒径大小对米粒分解动力学过程的影响 ································· 69 
3.3.4 米粒颗粒的显微结构性质 ························································· 71 
3.4 本章小结 ··················································································· 72 
第四章 米饭在 DIVRS 中消化和排空过程的研究 ····················· 74 
4.1 引言 ························································································· 74 
4.2 材料与方法 ················································································ 75 
4.2.1 试剂与设备 ············································································ 75 
4.2.2 精白米饭和糙米饭的制备 ························································· 75 
4.2.3 精白米饭和糙米饭在 DIVRS 中的消化 ········································· 75 
4.2.4 静态浸泡实验 ········································································ 77 
4.3 结果与讨论 ················································································ 78 
4.3.1 消化物的 pH ·········································································· 78 
4.3.2 米饭样品消化前后粒径分布的比较 ············································· 79 
4.3.3 消化物的流变学性质 ······························································· 81 
4.3.4 麦芽糖浓度 ··········································································· 83 
4.3.5 静态浸泡期间水分含量和质地的变化 ·········································· 84 
4.3.6 静态浸泡后米饭的形态学和组织学显微结构 ································· 85 
4.4 本章小结 ··················································································· 87 
第五章 动态鼠胃-十二指肠消化系统的构建和调试 ··················· 88 
5.1 引言 ························································································· 88 
5.2 动态体外鼠胃-十二指肠消化系统的设计和制作 ·································· 88 
















5.2.2 大鼠十二指肠模型 ·································································· 91 
5.2.3 鼠胃机械压缩-滚动挤压器械 ······················································ 92 
5.2.4 十二指肠蠕动挤压器械 ···························································· 94 
5.2.5 流加-排空装置 ······································································· 95 
5.2.6 保温盒 ················································································· 96 
5.3 动态鼠胃-十二指肠消化系统的调试 ················································· 96 
5.3.1 收缩频率和幅度 ····································································· 96 
5.3.2 鼠胃收缩力的检测 ·································································· 96 
5.4 生米粒消化率的检测 ··································································· 98 
5.5 本章小结 ··················································································101 
第六章 动态鼠胃-十二指肠消化系统的初步应用 ····················· 102 
6.1 引言 ························································································102 
6.2 材料与方法 ···············································································103 
6.2.1 试剂与设备 ·········································································· 103 
6.2.2 制备不同干物质含量的食物样品 ·············································· 103 
6.2.3 饲料样品在 DIVRSD 中的分批消化过程 ····································· 105 
6.2.4 加入胃粘液素后饲料样品的分批消化 ········································ 107 
6.3 结果与讨论 ···············································································107 
6.3.1 消化物的 pH ········································································ 107 
6.3.2 消化物的流变学性质 ····························································· 108 
6.3.3 胃排空速率 ·········································································· 113 
6.3.4 淀粉和蛋白质的水解率 ··························································· 116 
6.3.5 十二指肠消化物的显微结构性质 ··············································· 117 
6.3.6 胃粘液素对消化和排空的影响 ·················································· 119 
6.4 本章小结 ··················································································122 
第七章 结论与展望 ·························································· 123 
7.1 主要研究内容与结论 ···································································123 
7.2 创新点及意义 ············································································125 
7.3 研究展望 ··················································································125 
附 录 1 主要试剂和材料 ··················································· 127 
附 录 2 主要仪器和设备 ··················································· 129 
















附 录 4 工作曲线 ···························································· 133 
附 录 5 补充材料 ···························································· 135 
参 考 文 献 ··································································· 141 
科 研 成 果 信 息 ·························································· 171 

















Abstract in Chinese ······························································ i 
Abstract in English ···························································· iii 
Chapter 1 Background ························································· 1 
1.1 Introduction ·················································································· 1 
1.2 Physiological basis of upper GI tract ··················································· 2 
1.2.1 Anatomical structure of upper GI tract ·············································· 2 
1.2.2 Motility and phisiological function of upper GI tract ···························· 12 
1.3 Process of food digestion and gastric emptying within GI tract ················ 20 
1.3.1 Oral digestion ·········································································· 20 
1.3.2 Gastric digestion and emptying ····················································· 21 
1.3.3 Small intestinal digestion ···························································· 28 
1.4 Research progress of in vitro digestion model ······································ 29 
1.4.1 Simulator of the Human Intestinal Microbial Ecosystem ······················· 31 
1.4.2 TNO Intestinal Model ································································ 32 
1.4.3 Human Gastric Simulator ···························································· 35 
1.4.4 Gastric Digestion Simulator ························································· 36 
1.4.5 Dynamic In Vitro Rat Stomach ······················································ 38 
1.5 Research objectives and main contents of the project ···························· 41 
1.5.1 Research objectives and significances of the project····························· 41 
1.5.2 Main contents of the project ························································· 42 
Chapter 2 Comparison of digestive behaviours of raw rice particles 
between in vivo and in vitro rat stomach systems ······················· 44 
2.1 Introduction ················································································ 44 
2.2 Materials and methods ·································································· 44 
2.2.1 Experimental materilas and subjects ··············································· 44 
2.2.2 In vivo experiments of living rats ··················································· 45 
2.2.3 In vitro digestion in DIVRS ·························································· 46 
2.2.4 In vitro digestion in STR ····························································· 48 
2.3 Results and discussion ··································································· 50 
















2.3.2 Effect of stirring speed on digestive behaviours in STR ························· 50 
2.3.3 Comparison of digestive behaviours between in vivo and in vitro ············· 52 
2.4 Summary ··················································································· 57 
Chapter 3 Study on process and mechanisem of disintegration of raw 
rice particles ···································································· 59 
3.1 Introduction ················································································ 59 
3.2 Materials and methods ·································································· 60 
3.2.1 Reagents and equipment······························································ 60 
3.2.2 Preparion of raw rice sample ························································ 60 
3.2.3 Static soaking experiment ···························································· 60 
3.2.4 In vitro digestion of raw rice particles in STR ···································· 62 
3.2.5 Microstrctural change during static soaking ······································· 63 
3.3 Results and discussion ··································································· 63 
3.3.1 Comparison of disintegration kinetcis of raw rice particles between in static 
soaking and STR ············································································· 63 
3.3.2 Disintegration process of raw rice particles in STR ······························ 66 
3.3.3 Effect of particles size on disintegration kinetics of raw rice particles ········ 69 
3.3.4 Microstrcutural property of raw rice particle during static soaking ············ 71 
3.4 Summary ··················································································· 72 
Chapter 4 Study on digestion and gastric emptying of cooked white 
and brown rice in DIVRS ···················································· 74 
4.1 Introduction ················································································ 74 
4.2 Materials and methods ·································································· 75 
4.2.1 Reagents and equipment······························································ 75 
4.2.2 Preparion of cooled white and brown rice ········································· 75 
4.2.3 In vitro digestion of cooked white and brown rice in DIVRS ·················· 75 
4.2.4 Static soaking experiment ···························································· 77 
4.3 Results and discussion ··································································· 78 
4.3.1 Gastric digesta pH ····································································· 78 
4.3.2 Particle size distribution of cooked rice before and after gastric digestion ··· 79 
4.3.3 Rheological properties of gastric digesta ·········································· 81 
4.3.4 Maltose concentration ································································ 83 
4.3.5 Moisture content and texture during static soaking ······························ 84 
4.3.6 Morphological and histological structure of cooked rice after static soaking 85 
















Chapter 5 Developemnt and validation of the dynamic in vitro rat 
stomach-duodenum digestive system ······································ 88 
5.1 Introduction ················································································ 88 
5.2 The designing and fabrication of DIVRSD ·········································· 88 
5.2.1 Silicone rat stomach model ·························································· 89 
5.2.2 Rat duodenum model ································································· 91 
5.2.3 Mechanical compression-roll extrusion rig of rat stomach ······················ 92 
5.2.4 Mechanical peristaltic extrusion rig of rat duodenum···························· 94 
5.2.5 Secreting and emptying device ······················································ 95 
5.2.6 Temperature-controlled box ························································· 96 
5.3 Debugging of DIVRSD ··································································· 96 
5.3.1 Contraction frequency and amplitude ·············································· 96 
5.3.2 Determination of contraction force ················································· 96 
5.4 Validation of digestibility of raw rice particles ····································· 98 
5.5 Summary ··················································································101 
Chapter 6 Preliminary application of the dynamic in vitro rat 
stomach-duodenum digestive system ····································· 102 
6.1 Introduction ···············································································102 
6.2 Materials and methods ·································································103 
6.2.1 Reagents and equipment···························································· 103 
6.2.2 Prepartion of diets with various dry matter contents ··························· 103 
6.2.3 In vitro batch digestion of diets in DIVRSD ···································· 105 
6.2.4 In vitro batch digestion of diets added with gastric mucin ···················· 107 
6.3 Results and discussion ··································································107 
6.3.1 Digesta pH ············································································ 107 
6.3.2 Rheological properties of digesta ················································· 108 
6.3.3 Gastric emptying rate ································································ 113 
6.3.4 Starch and protein hydrolysis ······················································· 116 
6.3.5 Microstructural property of duodenal digesta ···································· 117 
6.3.6 Effect of gastric mucin on the rates of digestion and gastric emptying ······ 119 
6.4 Summary ··················································································122 
Chapter 7 Concusions and prospects ····································· 123 
















7.2 Innovations and significances ·························································125 
7.3 Research prospects ······································································125 
Appendix 1 Reagents and materials ······································ 127 
Appendix 2 Instruments and equipment ································ 129 
Appendix 3 Method for preparation of main solutions or reagents 131 
Appendix 4 Working curves ··············································· 133 
Appendix 5 Supplemental materials ····································· 135 
References ····································································· 141 
Information of scientific research achievements ······················· 171 



















































DIVRS 相比，引入了二次滚动挤压运动的 DIVRSD 显著提高了米粒颗粒的破碎


























































It is generally accepted that in vitro gastrointestinal (GI) digestion models are 
useful “pre-screening” tools to predict behaviours of mixing, digestion as well as 
gastric emptying and nutrition release of foods or drugs within GI tract. Therefore, 
they have been widely used in the areas of nutriology, pharmacology and 
environmental biology due to their advantages such as time and cost-saving, better 
repeatability and no ethic constraints compared with in vivo experiments conducted 
on animals or human volunteers. However, current in vitro digestion models mostly 
focused on simulating physiochemical environment and motility of the GI tract and 
ignored the effect of geometrical morphology and inner physiological structure of GI 
tract on digestion and gastric emptying. Previously, we have developed a dynamic in 
vitro rat stomach (DIVRS) model based on the principles of morphological bionic, 
and preliminarily studied the digestive and gastric emptying process of casein powder 
using the model. 
   Based on the relevant physiological parameters obtained from in vivo experiments 
of living rats, this dissertation firstly studied the digestive behaviours of large raw rice 
particles both in the DIVRS and Stirred Tank Reactor (STR), and the results were then 
compared with that obtained from the living rats for further validation the DIVRS and 
establishment more in vitro-in vivo correlations. Secondly, the mechanisms behind the 
different glycemic response and gastric emptying rate between cooked white rice and 
brown rice were also investigated using the DIVRS. Thirdly, a new Dynamic In vitro 
Rat Stomach-Duodenum (DIVRSD) digestive system was designed and created by 
improving the disadvantages of the DIVRS such as the weak contraction, poor mixing 
efficiency and lack of duodenum model one by one. The contraction frequency and 
amplitude as well as force were debugged and the digestibility of the raw rice 
particles was measured again to validate the DIVRSD. Finally, the digestive and 
gastric emptying behaviours of pectin and mango enriched diets during digestion in 
stomach and duodenum were studied using the DIVRSD, to investigate the 
















   The results obtained in this study indicated that both the DIVRS and STR were 
capable of reducing the large raw rice particles into small particulates and reproducing 
the similar digestion trend as that found in vivo, however, the digestive efficiency and 
buffering ability were lower than that in vivo. The lower glycemic response and 
gastric emptying rate of the brown rice compared with the white rice was due to the 
bran layer attached on the brown rice that increased digesta viscosity leading to 
decreased mixing and digestive efficiency. The improved DIVRSD that incorporated 
the rolling extrusion on the rat stomach model significantly improved the digestibility 
of raw rice particles by 32% compared with DIVRS; the digestibility was even higher 
than that in the STR under optimal stirring speed (300 rpm), indicating the 
significance of morphology and inner structure of the GI tract on digestion. 
Furthermore, the pectin could greatly reduce the hydrolysis rates of starch and protein 
in the diets and delay the gastric emptying due to the highly viscous property of the 
pectin that hindered the flowing and mixing efficiency. Additionally, microstructural 
examinations indicated that the starch and protein granules were generally embedded 
or tapped in the pectin gel network leading to decreased contact efficiency between 
substrates and enzymes.   
  
Keywords: In vitro digestive systems; Morphological bionics; Digestion; Gastric 
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